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Abstract 
A fatigue crack initiated at an underframe of electric multiple unit (EMU) will be propagated unless appropriate maintenance is
applied to stop it. To railway operating company, it is very important to know the critical crack size in vehicle structure under 
normal operating condition and how fast an initial crack reaches the critical crack to set up periodic maintenance strategy. In this 
research, we calculate the critical crack size and crack growth rate of a cracked EMU underframe by applying fracture 
mechanics. For this purpose, we build a FE model of an EMU carbody and verify it by comparing the deformations along the 
sidesill which are obtained by FE analysis and physical load test. Virtual cracks are modeled at weak points in the centersill and 
sidesill of underframe. The stress intensity factors are calculated under the normal operating condition and they are compared 
with fracture toughness of the material. Although, the applied stress intensity factors are not reach the fracture toughness of
material, the safety margin is not big on a/W=0.8 crack in sidesill. Crack growth rate is predicted with measured the dynamic 
stress amplitude at the critical point during test run in commercial railroad track and crack growth curve of carbody material. It 
takes 7.6 years (HAZ) and 4.6 years (PWHT) for an initial crack of 30 mm to grow up to the critical crack. We expect that this 
approach will be helpful when railway operating companies set up their maintenance strategies.
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1. Introduction 
For a railway operating company, cracks are of great interest as long as they can be detected by available 
inspection techniques. If crack growth is sufficiently slow, routine inspections can be adopted to prevent failures in 
service. The time available for crack detection depends on both initial detectable crack size and maximum crack size 
to failure. Therefore it is important to calculate crack growth rate and maximum crack size to failure to set up 
periodic inspection schedules [1]. The carbody of an electric multiple unit (EMU) is a structure welded with ‘[’
shaped angle and steel sheets, comprising centersill, sidesill, crossbeam, various rails and posts et al. The structure is 
designed to bear the vertical load from the passengers and self-weight, horizontal load transferred through coupler 
and the dynamic load transferred through the bogie. The joints between centersill and bolster frame, sidesill and 
bolster frame are the primary loading joints and they resist most of the loads. Since the joints are manufactured by 
welding, they become potential crack initiation sites. The carbody should be protected from defective weldment and 
fatigue damage which may be caused by repeated fatigue load during operation. Minor defects, produced during 
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manufacturing process, may remain as defects and not grow up to cracks if operating load is within allowable limit 
throughout the whole life span. On the other hand, they will be grown up to cracks if the load is above threshold 
limit and continue to grow up resulting in carbody fracture, unless appropriate maintenances, for example repair 
welding, are applied to stop it. The crack in the connection between centersill and bolster frame, sidesill and bolster 
frame can deteriorate the durability of the carbody seriously. 
This study is conducted to assess the safety of the EMUs against crack, as their service life has been extended. 
The critical crack size under passengers and vehicle weight is calculated by modeling a virtual crack in the weak 
point of centersill and sidesill respectively which are the important load bearing members of carbody. Critical crack 
sizes are determined base on the FE analyses results and two different material conditions. Crack growth rates are 
calculated from the load spectra measured from the test run of EMU. 
2. Crack growth model 
Linear elastic fracture mechanics has been successfully used to model the fatigue crack growth behavior. Data 
obtained from constant amplitude tests permit the calculation of crack growth under variable amplitude loading [2].  
A typical crack propagation analyses consists of the following steps [3]; 
y Interactively insert an initial crack in the mesh. In case the crack position is not known, an elastic analysis 
can be used to determine the location of highest stress 
y Perform an analysis and calculate KI and KII
y Using KI and KII, find the crack propagation direction 
y Propagate the crack one element length in that direction 
y Perform a new analysis and repeat the procedure 
However, the modification of element in real structure is very difficult and time consuming because of hundred 
thousands of element modification and millions of repeated calculation. Therefore, this method is seldom applied in 
the analysis of real complex structure. Details of the crack growth analysis procedure can be found elsewhere.  
But the crack growth under variable loading is depend on numerous variable such as load-time history, chemical 
environment, type of structure and material et al. Linear crack extension assumption is very convenient for the 
prediction of crack growth if the growth is a simple addition process of crack length increments (Δa) in each load 
cycle
¦Δ+= iaaa 0 (1) 
The Paris’s law [4] for crack growth is 
m
iii KCNa )(/ Δ=ΔΔ (2) 
where, C and m represent the material constant. This process is only applied under the assumption that Δa is 
depended on the momentary size, a and independent of the history of the preceding crack growth.  
Numerous fatigue crack growth propagation models have been proposed in the literature to describe the 
relationship between the crack growth rate (Δa/ΔN) and the stress intensity range (ΔK). Many of these relationships 
consider such parameters as stress ratio (R). For the present study, the Walker equation [5] is adopted.  
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The material constants of SM490A are C=5.71×10-10, m=3.69, γ=0.74 for heat affected zone (HAZ) and 
C=3.76×10-9, m=3.17, γ=0.90 for post weld heat treatment zone(PWHT). 
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3. Critical crack size 
3.1. Structural analysis model 
To predict the critical point of carbody, we develop a finite element model of the 4th line EMU of Seoul Metro in 
Korea. The model developed in this study take consideration of the only major components including centersill, 
sidesill, bolster, endsill, various posts, rail, side wall and roof. Fig. 1 shows the FE model of EMU. The FE model is 
constructed with shell elements considering that EMUs are made of section angle and sheet steel. The 2nd order 
quadratic elements are employed to improve the accuracy of the analysis. The FEA software package used for the 
analysis is ABAQUS V.6.7.1. 
The weight of the car body without passenger is 42.40 ton and the weight of the bare frame excluding interior and 
exterior devices is 9.28 ton. Passenger weight is calculated as 18 ton considering the maximum passenger boarding. 
Total 60.40 ton is applied as pressure, which is evenly applied on the floor of the carbody.  The applied dynamic 
factor is applied as 1.2. Table 1 presents the material properties of the carbody. The sidesill, endsill and crossbeam 
are manufactured with SUS301L and the centersill and bolster frame are manufactured with SM490A.  
Table 1. Applied materials of EMU carbody and their properties  
Type Yield strength(MPa) Tensile strength(MPa) Fracture toughness(MPa m ) Material applied 
SM490A ≥320 ≥520
HAZ : 238 MPa m
PWHT : 231 MPa m
Centersill, Bolster frame 
Fig. 1(b) shows the boundary condition of the FE model. Since the carbody is symmetry along the center plane, 
only 1/2 of carbody is modelled and the symmetry plane is constrained(x=0). Also the carbody is constrained to 
move z direction (z=0) at the bolster frame and constrained to move y direction at the front of carbody to prevent 
from translation. Fig. 1(c) shows the vertical load test to verify the strength of carbody. 
      
Symmetric plane
         
Fig. 1. FE model verification ; (a) Finite element model of carbody (b) Applied loading and boundary condition (c) Vertical load test. 
The feasibility of the model is verified by comparing the deformation at sidesill. Fig. 2(a) shows the deformation 
of underframe after loading. As you can see in the figure, the joints between centersill and bolster frame, sidesill and 
bolster frame are highly stress concentrated. Generally, the bolster seat is very stiff, but the center sill and side sill 
are comparatively flexible, therefore high stress concentrations are occurred at those points. Fig. 2(b) shows the 
comparison of deformation at sidesill. The maximum deformation measured from the test is 4.27 and the maximum 
deformation calculated from FE analysis is 4.07. As you see in the graph, the difference is very small. Therefore we 
can think that the FE model is built properly. 
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Fig. 2. Underframe deformation; (a) Deformation of underframe and its critical points (b) Comparison of sidesill deformation between measured 
and analyzed. 
3.2. Critical crack size 
A virtual crack is modeled in the joints between the centersill and bolster frame, sidesill and bolster frame 
respectively, to estimate critical crack sizes. In this study, we assume that the critical crack can be predicted using 
linear elastic fracture mechanics approximations. The critical crack size is calculated by comparing the stress 
intensity factor K at the crack tip and the fracture toughness Kc of the material (SM490A). For this purpose, the 
various cracks which have different sizes are modeled by varying their length as 20, 50 and 80% of angle widths and 
calculate K at each case. As shown in Fig. 3, cracks at 4 weak points are modeled. The direction of the crack growth 
is assumed to be crossed the section of each angle. The crack tip modeling employed fan mesh using quarter point 
elements which moves its side nodes of the elements around the crack tip. The loading and boundary conditions are 
the same of structural analysis. 
Table 2 shows the change of the stress intensity factor at crack tip according to the crack size. Some of the cases, 
the mode I stress intensity factors show negative values and it means that the crack is closed by compressive force. 
The negative stress intensity factor does not affect crack growth because it closes the crack. The mode II stress 
intensity factors at top and bottom of angles are small.  But at side frame of sidesill, the values are great.  
        
Fig. 3. Underframe crack; (a) Critical point at carbody ; (b) Crack model at point 2 constructed with quarter point fan mesh. 
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Table 2. Stress intensity factors of virtual cracks in the critical points of carbody.  
a/W 
Points t(mm) 
W
(mm) 
K
( mMPa ) 0.2 0.5 0.8 
KI 1.75 36.1 46.1 Centersill
top 7.5 75.0 KII 2.03 -0.23 -5.3 
KI -164.4. -286.0 -360.2 Centersill
bottom 7.5 75.0 KII -6.57 0.31 7.35 
KI 59.8 68.4 62.0 Sidesill
top 10.0 110.0 KII -0.78 -9.8 -1.83 
KI 22.2 15.2 -1.69 Sidesill
side 4.5 150.0 KII -63.9 -96.0 -149.1 
Based on the energy conservation criterion, the fracture will occur when the release energy is sufficient to deliver 
the fracture energy, dW/da. Therefore the energy is superposed by derivative of strain energy as following; 
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In most engineering cases KII will be small with respect to KI and for small ratios KII/KI the circle is a very good 
approximation. But through many experiments from researchers [6], the relation is improved by putting that KIIc ˷
0.8 KIc.
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Therefore, the mode II fracture toughness KIIC of SM490A HAZ and PWHT materials can be calculated as 190 
and 184 mMPa , respectively. Figure 4 shows the fracture locus of combined loading at the critical points on the 
HAZ and PWHT materials. As shown in the figure, the KIs are very low compared to KIC. But the KIIs are very high 
and almost reach the KIIc. Therefore the safety margin on KII is not big. 
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Fig. 4. Fracture locus for combined loadings. 
4. Fatigue crack growth 
To calculate fatigue crack growth rate, variable amplitude loading at the critical point is measured while test run 
of the EMU in its commercial track. Fig. 5(a) shows the strain gauge which is attached at the weldment between 
centersill and bolster frame. Fig. 5(b) shows the strain measurement set and Fig. 5(c) shows the water tank with full 
of water to simulate the passenger load. Variable amplitude strains at the critical points are recorded during the test 
run.  
Fig. 5. Strain measurement equipment; (a) strain gauge attached at the joint between centersill and bolster seat (b) strain measurement equipment 
(c) Water tank for simulating passenger weight. 
Fatigue crack growth analysis calculates the growth rate of crack under cyclic fatigue load. The dynamic stress at 
the weak point was measured during EMU operation to calculate crack growth. Strain gauges were installed at the 
centersill where crack was simulated previously to measure the dynamic stress on the EMU track (50 m). The strain 
gauges measured the amplitude of stresses in Mode I and Mode II direction. Fig. 6(a) presents the dynamic load 
measured along the entire operation line, and fig. 6(b) presents the values of the dynamic load history processed 
with rainflow cycle counting. 
Using the amplitude of the stress history (ǻı) calculated with cycle counting technique, the amplitude of the 
stress intensity factor ǻK was calculated as shown below. 
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where, a is crack length, W is width of cracked part and f(a/W) is geometrical correction factor. Since the crack in 
the centersill is an edge crack, the geometrical correction factor in mode I and II direction is calculated as an edge 
crack in plate case. 
Fig. 6. Strain history at the critical point; (a) Variable amplitude loading at critical point (b) Rain flow cycle counting results.
Fatigue crack growth analysis was conducted using the amplitude of the effective stress intensity factor 
calculated with equation (7) and the crack growth curves of SM490A. The analysis was performed by assuming the 
initial crack length as 10, 20, 30 and 35 mm respectively and applying the unit loading block of 50 km until the total 
travel distance reached 1,500,000 km. Fig. 7 shows the crack growth analysis results of the HAZ and PWHT. Small 
initial crack is not grown under the applied variable amplitude loading and resulted in small final size even though 
the total distance of travel is very high. However, a 30 mm of initial crack shows very high growth rates at 1,000,000 
km and 600,000 km of travel distance in the HAZ and PWHT, respectively. It is thought that the compressive 
residual stress formed in the HAZ, which suppresses crack growth, has been released by PWHT. For an initial crack 
of a0 = 30 mm to grow up to the critical length (a/W=0.8), the total travel distances will be 1,000,000 and 600,000 
km. Assuming an urban EMU travels 130,000 km per year, the calculated distances are equal to 7.6 and 4.6 years, 
respectively.
             
Fig. 7. Fatigue crack growth curve at underframe of carbody; (a) At centersill (b) At sidesill. 
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5. Conclusion 
To assess the safety of the carbody of EMU formed with a crack, an edge crack was assumed in the joint between 
the centersill and bolster frame which is an important load bearing part of underframe. The critical crack length 
under normal operating condition was calculated and the time required for various lengths of cracks to grow up to 
the critical length was estimated.  
1. Although, the applied stress intensity factors do not reach the fracture toughness of material, the safety margin is 
not big on a/W=0.8 crack in the side crack of sidesill. 
2. It takes 7.6 years (HAZ) and 4.6 years (PWHT) for an initial crack of 30 mm to grow up to the critical length.  
The results in this paper are limited to the EMU model, operating condition, direction of crack growth, and the 
material employed in this study, however, the crack analysis procedure presented in this paper will be applicable for 
the estimation of critical crack and crack growth rate on railway vehicle. However in this study, we do not consider 
the load sequence effect, crack closure, crack tip retardation [7] which are known to make crack growth slow. 
Therefore longer life is expected in real structure. 
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